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Imaging of cell nuclei plays a critical role in cancer diagnosis and prognosis. To image noninvasively cell nuclei in
vivo without staining, we developed UV photoacoustic microscopy (UV-PAM), in which 266 nm wavelength UV
light excites unlabeled DNA and RNA in cell nuclei to produce photoacoustic waves. We applied UV-PAM to
ex vivo imaging of cell nuclei in a mouse lip and a mouse small intestine and to in vivo imaging of the cell nuclei
in the mouse skin. The UV-PAM images of unstained cell nuclei match the optical micrographs of the histologically
stained cell nuclei. Given intrinsic optical contrast and high spatial resolution, in vivo label-free UV-PAM has po-
tential for unique biological and clinical application. © 2010 Optical Society of America
OCIS codes: 170.3880, 170.5120, 180.5810.
Cell nuclei are organelles containing the DNA genome, in
which major cell activities take place, such as DNA repli-
cation, RNA synthesis, and ribosome assembly. Since can-
cer cells lose their control of DNA replication, their nuclei
are different from normal nuclei in morphology. For ex-
ample, two morphological characteristics of the nuclei
in cancer cells are their folded shape and enlarged size
[1]. These characteristics are considered the hallmarks
of cancer and are used by pathologists to determine can-
cer grade and evaluate prognosis [2]. Therefore, imaging
of cell nuclei plays a critical role in cancer diagnosis. Clas-
sical imagingof cell nuclei in excised tissue goes through a
complicated histological process, including tissue proces-
sing, embedding, sectioning, and staining, before imaging
with microscopy. Without sectioning, cell nuclei in tissue
specimens have been imaged successfully by reflectance
confocal microscopy [3], fluorescence confocal micro-
scopy [4], andmultiphotonmicroscopy [5]. However, con-
focal microscopy requires staining cell nuclei by citric
acid, acridine orange, ormethylene blue, andmultiphoton
microscopy provides nuclear images with perinuclear
fluorescent speckles. Therefore, imaging of cell nuclei still
falls short of a label-free imaging technique with high con-
trast and spatial resolution.
Photoacoustic microscopy (PAM) is an imaging techni-
que with rich optical contrast and high spatial resolution
[6]. In PAM, a pulsed laser beam is focused into biological
tissue. Once the light pulse is absorbed by the tissue and
converted into heat, thermoelastic expansion of the tissue
generates ultrasonic waves, which are detected by a fo-
cused ultrasonic transducer. By using light absorbed by
the hemoglobin in red blood cells, PAM is capable of ima-
ging the vasculature in various tissues, such as the human
skin and the mouse brain [6,7]. Furthermore, PAM is cap-
able of mapping the total concentration and the oxygen
saturation of hemoglobin in single blood vessels by using
two or more optical wavelengths in the visible spectral re-
gion [6,7]. So far, PAM has been developed to image single
red blood cells [8] but has not been able to image cell
nuclei.
We have developed a special PAM called UV-PAM for
imaging of cell nuclei in intact biological tissue. In UV-
PAM, UV light is used in place of visible light. DNA and
RNA—two major compounds in cell nuclei—strongly ab-
sorb UV light around a wavelength of 260 nm [9]. In con-
trast, the UV absorption of protein and lipids is weaker
than that of DNAandRNAby 1 order ofmagnitude around
260 nm [9,10]. To take advantage of this high intrinsic ab-
sorption contrast of DNA and RNA, our UV-PAM system
(Fig. 1) employs light at 266 nm emitted by a Nd:YLF Q-
switchedUV laser (QL266-010-O,Crystalaser; pulsewidth,
7 ns). The laser beam is spatially filtered by a 25 μm
diameter pinhole (910PH-25, Newport) and focused into
a water tank by a water-immersion objective lens
(LB4280, Thorlabs). Subsequently, the beam passes
through a ring-shaped focusedultrasonic transducer (cen-
ter frequency, 50 MHz; focal length, 7 mm)andpenetrates
Fig. 1. (Color online) Schematic of the UV-PAM system.
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a 25-μm-thick polyethylenemembranebefore the beam fo-
cuses on the object to be imaged. The polyethylene mem-
brane seals the bottom of the water tank to form an
imaging window while maintaining acoustic coupling.
The laser pulse energy behind the membrane is measured
to be 35 nJ. The ultrasonic transducer is in coaxial align-
ment with the objective lens to a common focus. The spe-
cimen is mounted on a two-dimensional scanning stage
with a minimal scan step size of 0:31 μm. Time-resolved
photoacoustic signals are detected by the ultrasonic trans-
ducer during raster scanning to reconstruct tomographic
images, which can be rendered in various forms, such as
cross-sectional images and maximum amplitude projec-
tion (MAP) images.
We imaged single submicrometer beads to measure the
spatial resolution of the UV-PAM system. The beads were
black polystyrenemicrospheres 0:2 μm in diameter (Poly-
sciences), immobilized by adsorption on a quartz slide
(Chemglass Life Sciences). Bead images were acquired
by scanning with a 0:31 μm step size. We measured both
the lateral FWHM by fitting the Airy pattern to the ampli-
tude profiles of the horizontal cross-sectional images of
the single beads and the axial FWHM by Gaussian fitting
to the axial amplitude profiles of bead images. By fitting
the images of 15 beads, the lateral FWHMwas found to be
0:70 0:04 μm (mean standard error) and the axial
FWHM to be 28:5 0:8 μm.
Then, we imaged cross sections of a mouse small intes-
tine and compared the UV-PAM images of the sections
with their histological micrographs. All experimental ani-
mal procedures were carried out in conformity with the
laboratory animal protocol approved by the Animal
Studies Committee of Washington University in St. Louis.
The small intestine was excised from a sacrificed Swiss
Webster mouse (Harlan Laboratories), and cut into 6-
μm-thick cross sections by a cryostat (CM1850; Leica
Microsystems). We acquired aUV-PAM image of the cross
section of the small intestine by scanning with a 0:62 μm
step size [Fig. 2(a)]. After the scanning, the section slide
was stained by hematoxylin and eosin (Sigma-Aldrich).
Hematoxylin stains the cell nucleus blue, and eosin stains
the cytoplasm pink. Next, optical micrographs of the in-
testine section were obtained by using a microscope with
a 20× objective (0.45 NA, Nikon). The cell nuclei are
shown as dark-blue spots in Fig. 2(b), as expected in his-
tology. Corresponding to each dark-blue spot in the histo-
logic Fig. 2(b), there is a light-blue spot in Fig. 2(a),
confirming that cell nuclei are imaged by UV-PAM. Be-
cause UV-PAM possesses background-free detection, the
cell nuclei are shown in high positive contrast owing to
both the strong UV absorption of DNA and RNA and
the weak absorption of cytoplasm. The signal-to-noise ra-
tiowas as high as 52 dB. In addition, Fig. 2(a) discloses the
same spatial distribution of cell nuclei as Fig. 2(b) does.
Furthermore, UV-PAM was able to resolve the shape and
size of the cell nuclei, as shown in a close-up in Fig. 2(c).
Figure 2(d) shows an optical micrograph of the same cell
nuclei obtained with a 60× oil-immersion objective (1.4
NA, Nikon). The shape and size of the cell nuclei in
Fig. 2(c) are consistent with those in Fig. 2(d). Therefore,
this comparative study shows the capability of UV-PAM
for label-free histology.
Next,we imaged cell nuclei in the epitheliumof amouse
lip and in the intestinal villi of a mouse small intestine
using UV-PAM ex vivo. Fresh specimens were taken from
adult SwissWebstermice and immersed in phosphate buf-
fer solution (PBS, Sigma-Aldrich). After the small intes-
tine was cut longitudinally and unfolded into a sheet, the
specimensweremounted on the scanning stagewith their
inner surfaces in contact with the image window through
PBS. By scanning with a 1:25 μm step size for 2:6 min, we
imaged the nuclei of the epithelial cells in the mouse lip
[Fig. 3(a)]. The image shows a relatively homogeneous
distribution of cell nuclei, each approximately 6 μm india-
meter. The distance between the centers of neighboring
cell nuclei ranges from 16 to 39 μm, suggesting that the
stratified squamous epithelium on the lip was composed
of cells with a lateral size of the same range. By scanning
with a 0:62 μm step size for 7:4 min, we then imaged the
nuclei of the epithelial cells on the mouse small intestine
[Fig. 3(b)]. By contrast, this image shows the tight arrange-
ment of simple columnar epithelial cells into intestinal vil-
li. Thenuclear diameterwas∼3 μm,and the cellwidthwas
∼6 μm. This study shows that UV-PAM is capable of
imaging cell nuclei in nonsectioned tissues.
Finally, we imaged in vivo the cell nuclei in the ear skin
of an athymic nude mouse using UV-PAM. The mouse
(Harlan Laboratories) was anesthetized by isoflurane
and held by a self-constructed stereotaxic imaging stage.
After the imaging stage was mounted on the scanning
stage, the image window was lowered to be in contact
with the mouse ear through ultrasound gel (Parker
Laboratories). After in vivo scanning with a 0:62 μm step
Fig. 2. (Color online) Cell-nuclear images of a 6-μm-thick
cross section of mouse small intestine acquired with UV-
PAM and histology. (a) Photoacoustic image (MAP) of the sec-
tion without staining. (b) Histologic image of the section stained
with hematoxylin and eosin. (c) Close-up of the area enclosed
by dashed lines in (a). (d) Histologic image of the stained sec-
tion enclosed by dashed lines in (b). The correlation coeffi-
cients are 0.88 between the images shown in panels (a) and
(b) and 0.83 between the images shown in panels (c) and
(d). PA, photoacoustic.
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size, we acquired a three-dimensional (3D) image of the
cell nuclei in the mouse ear skin [Fig. 3(c)]. Relative to
the first slice in Fig. 3(c), the second and third were
53 and 105 μm deep inside the mouse ear, respectively,
suggesting that the penetration depth of UV-PAM is great-
er than 100 μm for in vivo imaging. Cell density varied
with the depth: 45 cell nuclei are clearly visualized in
the first slice and 159 in the second. Although the lateral
resolution of UV-PAM was expected to decrease with pe-
netration depth, 76 cell nuclei could still be identified in
the third slice. Therefore, UV-PAM is capable of 3D, non-
invasive, in vivo imaging of cell nuclei without staining.
In summary, we developed a photoacoustic imaging
technology called UV-PAM to image cell nuclei
ex vivo and in vivo by optical excitation of DNA and
RNA. For the first time to our knowledge, label-free cell-
nuclear images can be noninvasively acquired in vivo
with strong optical contrast and high spatial resolution.
UV-PAM images of unstained cell nuclei matched optical
micrographs of the stained cell nuclei well in shape, size,
and distribution. Therefore, UV-PAM has potentially
broad applications in cancer studies and diagnosis.
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Fig. 3. Cell-nuclear images of ex vivo and in vivo tissue ac-
quired with UV-PAM. (a) Photoacoustic image (MAP) of epithe-
lial cells in the ex vivo lip of a mouse. (b) Photoacoustic image
(MAP) of epithelial cells in the ex vivo intestinal villi of a mouse.
(c) In vivo photoacoustic images (dimensions: 250 μm×
250 μm) of cells in the ear skin of a nude mouse at different
depths (0, 53, and 105 μm). PA, photoacoustic.
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